Atypical antipsychotics increase the risk of diabetes and cardiovascular disease through their side effects of insulin resistance and weight gain. The populations for which atypical antipsychotics are used carry a baseline risk of metabolic dysregulation prior to medication which has made it difficult to fully understand whether atypical antipsychotics cause insulin resistance and weight gain directly. The purpose of this work was to conduct a systematic review and meta-analysis of atypical antipsychotic trials in healthy volunteers to better understand their effects on insulin sensitivity and weight gain. Furthermore, we aimed to evaluate the occurrence of insulin resistance with or without weight gain and with treatment length by using subgroup and metaregression techniques. Overall, the meta-analysis provides evidence that atypical antipsychotics decrease insulin sensitivity (standardized mean difference = −0.437, p < 0.001) and increase weight (standardized mean difference = 0.591, p < 0.001) in healthy volunteers. It was found that decreases in insulin sensitivity were potentially dependent on treatment length but not weight gain. Decreases in insulin sensitivity occurred in multidose studies < 13 days while weight gain occurred in studies 14 days and longer (max 28 days). These findings provide preliminary evidence that atypical antipsychotics cause insulin resistance and weight gain directly, independent of psychiatric disease and may be associated with length of treatment. Further, well-designed studies to assess the co-occurrence of insulin resistance and weight gain and to understand the mechanisms and sequence by which they occur are required.
Introduction
Atypical antipsychotic (AAP) use has been linked to an increased risk of metabolic syndrome, diabetes and cardiovascular disease (Silva et al., 2017; Vancampfort et al., 2015 Vancampfort et al., , 2016 Smith et al., 2008) . These conditions are, in part, due to the insulin resistance and weight gain caused by these medications (Bak et al., 2014; Henderson et al., 2005) . The resulting cardiovascular illness leads to elevated rates of mortality in psychiatric populations treated with AAPs compared to the general population (Murray-Thomas et al., 2013; Correll et al., 2017) . Although these drugs provide clear therapeutic benefits, their metabolic side effects can create unfavorable outcomes.
Within the general population, obesity is a significant risk factor for insulin resistance and the two are strongly associated (Martinez et al., 2017) . Exceptions exist where either obese individuals are not insulin resistant and/or lean individuals exhibit insulin resistance (Reaven, 2005; Stefan et al., 2008) . Many of the AAPs cause significant weight gain and insulin resistance with extended treatment yet, not all AAPs cause metabolic dysfunction to the same degree (Bak et al., 2014; Gianfrancesco et al., 2003; Rummel-Kluge et al., 2010) . Additionally, the first generation, or typical, antipsychotics can also cause weight gain so this effect is not exclusive to AAPs (Bak et al., 2014) . Some evidence has suggested AAPs, when compared to typical antipsychotics, may have lower discontinuation rates due to any cause as well as greater weight gain and diabetes however, more work is needed to clarify these comparisons (Smith et al., 2008; Zhang et al., 2013) . It has been debated whether AAPs cause insulin resistance secondary to, or independent of, weight gain. Pre-clinical models have demonstrated an acute and direct effect of AAPs on insulin sensitivity independent of weight gain which has spurred further hypotheses regarding their effects in humans (Ader et al., 2005) . Indeed, work has shown that patients with schizophrenia on long-term AAP treatment may exhibit insulin resistance even with a body mass index below 30 (i.e., non-obese) (Henderson et al., 2005) . Despite data suggesting that AAPs may cause insulin resistance independent of weight gain, the psychiatric diseases for which AAPs are used has also been linked to significant glucose dysregulation prior to AAP treatment (Greenhalgh et al., 2017; Pillinger et al., 2017) . This makes drawing conclusions on the role of AAPs in inducing direct insulin resistance in psychiatric populations more difficult. To address this potentially moderating issue, studies have been performed in healthy volunteers to investigate the effect of AAPs on insulin sensitivity in healthy volunteers while simultaneously assessing changes in weight. Although these studies may have reduced external validity, since they exclude individuals that would generally be treated with AAPs, they may provide evidence into the direct effect of AAPs irrespective of the complex disease states they are intended to treat. Ultimately the results of healthy volunteer studies should be taken in context with the results in psychiatric populations to better our understanding of AAP-induced insulin resistance and weight gain.
The primary aim of this meta-analysis was to review the available evidence that AAPs cause insulin resistance and weight gain independent of psychiatric disease based on results from trials in healthy volunteers. Additionally, we aimed to use subgroup and meta-regression techniques to better understand if concurrent weight changes or treatment length could account for changes in insulin sensitivity. The ability to understand if AAPs cause direct insulin resistance prior to and without weight gain is critical for informing future investigations. Such investigations will ultimately identify the therapeutic targets that can potentially prevent the sequelae of AAP-induced insulin resistance (e.g., cardiovascular disease and diabetes) and prevent premature death.
Materials and methods
This systematic review followed the guidelines put forth by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. This review was registered with PROSPERO (protocol # CRD42017063804).
Inclusion criteria
To estimate the effect of AAPs on insulin sensitivity and weight independent of psychiatric disease we restricted our analyses to controlled prospective, interventional studies including healthy human subjects (listed as inclusion/exclusion criteria within each study). The treatment could be any AAP approved from any country. The comparator group could be either placebo, a typical antipsychotic or ziprasidone. These non-placebo comparators were permitted to increase study inclusion and because such comparators would be included by investigators as active treatment controls due to their expected low rate of metabolic dysfunction (Rummel-Kluge et al., 2010) . It should be noted, that typical antipsychotics still carry a risk of weight gain and other metabolic side effects making their use as a proper comparator difficult to assess. Due to these limitations, we have included sensitivity analyses detailed below. Finally, studies must have measured both changes in weight and insulin sensitivity by commonly accepted methods (e.g., weight in kilograms, body mass index, hyperinsulinemic euglycemic clamp, etc). Reviews have been conducted on the strengths and limitations of accepted insulin sensitivity measures in clinical populations (Muniyappa et al., 2008) . Single dose studies assessing changes in insulin sensitivity were allowed.
Search strategy and information sources
Potential studies for inclusion were searched in MEDLINE, EMBASE and PSYCHINFO from earliest record to the date of search (November 2017). Primary language was not a restriction. Keywords used in the search included varying combinations of: "atypical antipsychotic", "antipsychotic", "second generation antipsychotic", "neuroleptic", "tranquilizer", the generic names for every individual atypical antipsychotic, "weight", "insulin resistance", "insulin sensitivity", "glucose", and "insulin". An original search strategy utilized "healthy subject", and "healthy volunteer" however we found that this was an ineffective search strategy (for MEDLINE only) that did not yield any appropriate hits (search results of 136 potential papers with no inclusions). Therefore, a broader search was undertaken excluding those two terms. Limits that were defined in the searches were: Clinical Trials and Humans.
Data extraction
Included primary studies were searched and data was extracted for both weight and insulin sensitivity for effect size calculations. Extraction was undertaken by two authors and disputes were clarified by a third. Study level variables including AAP used, length of treatment, blinding status, randomization methods, comparator used (placebo or other), and weight or insulin sensitivity measurement used. The final variable was categorized as dynamic (e.g., tests that administer glucose/insulin to measure changes in glucose and insulin) versus nondynamic (e.g., fasting values only) since dynamic measurements have higher reliability.
Meta-analysis, sensitivity analysis, subgroup analysis and metaregression analysis
Data was entered into Comprehensive Meta-Analysis (CMA) data software Version 3 for estimation of effect size (standardized mean difference) with 95% confidence intervals through calculations between the treatment and comparator groups. As weight and insulin sensitivity represent continuous variables a standardized mean difference was calculated for each study by the calculating change in value (insulin sensitivity or weight measurement) from provided baseline and endpoint values, endpoint scores (for crossover trials that compare differences between treatment arms) or from provided mean change values, depending on what was reported in each study. For the metaanalysis of insulin sensitivity, the direction of effect size was negative for a treatment that demonstrated reduced insulin sensitivity versus the comparator group. For the meta-analysis of weight, the direction of effect was positive for if the treatment resulted in weight gain versus the comparator group. For studies with multiple treatments and a single comparator, the strategy suggested by Borenstein and colleagues was utilized by computing a combined, overall effect of AAP treatment with the control group (Borenstein et al., 2009) . This method utilizes the number of participants treated in each group to compute a combined, weighted, effect size while accounting for sharing of the control group in the variance since the groups cannot be assumed to be independent. A 2-sided, random effects meta-analysis was performed with a p < 0.05 indicating statistical significance. Heterogeneity was assessed with the Q and I 2 parameters to better understand true versus random dispersion of effects across studies. A chi-square test was performed using the heterogeneity parameters to assess statistical significance. An I 2 > 50% with a p-value < 0.05 was considered statistically significant for heterogeneity. A sensitivity analysis was performed to assess the effect of excluding studies that did not utilize dynamic measurements of insulin sensitivity due to the potentially lower precision. A sensitivity analysis of only studies including a placebo group was performed due to the potential issues with an active comparator and the higher-quality design when utilizing a placebo comparator. Additionally, due to some studies having multiple treatment groups, we conducted a sensitivity analysis of only olanzapine versus placebo extracted values to estimate the effect of an AAP (non-combined effect size) on insulin sensitivity and weight. Olanzapine was chosen as it was the most commonly utilized AAP across studies.
Subgroup analyses were performed to assess study level variables influence on insulin sensitivity or weight. Subgroup analysis was performed by length of treatment within trials and statistically significant weight gain within trials. Length of trials were broken down to three groups: 1) single dose, 2) 13 days and less and 3) 14 days or more. This breakdown was chosen to break the multiple-dose trials at half the length of the longest included trial (28 days). Statistically significant weight gain within trials was defined as a "yes" if the study reported statistically significant weight gain versus comparator (p < 0.05) and a "no" if it was reported to be non-statistically significant (p ≥ 0.05). A mixed-effect analysis was used to assess if subgrouping had a significant effect on insulin sensitivity and/or weight. Meta-regression was performed to analyze the influence of weight change on insulin sensitivity with our hypothesis being that weight gain is responsible for a significant amount of AAP's effect on insulin sensitivity. A Post-Hoc metaregression analysis using length of trial and weight gain effect size (calculated from the weight meta-analysis) was performed to further understand the effect of this variable on the observed variance for insulin sensitivity. A final meta-regression was performed to assess the effect of weight measurement type (kilograms versus body mass index (BMI)) on each meta-analysis. Study quality and risk of bias was assessed using the Cochrane Risk of Bias Tool and Jadad Scale (Jadad et al., 1996) . Publication bias was evaluated via funnel plots, a 2-sided Begg-Maxumdar and Egger's test and the "trim and fill" method by Duval and Tweedie (2000) .
Results

Study selection results and description
The preliminary search (from all databases) returned 10,142 results ( Supplementary Fig. 1 ). Screening of search results by title and abstract excluded a total of 10,081 articles. Most exclusions were due to the study being performed in population with mental illness or another disease which was expected based on our expanded search strategy detailed in the methods. Of the 61 remaining articles, 45 were excluded mainly due to the study evaluating non-metabolic outcomes (e.g., pharmacokinetics). Full texts of 16 articles were requested and searched for inclusion and exclusion criteria. Articles were excluded due to not evaluating insulin/glucose/weight outcomes (n = 1), not having a comparator group (n = 2 studies compared oral versus sublingual formulations of olanzapine) and previously reported results (n = 2).
The 11 studies included a total of 304 subjects (Baptista et al., 1997; Sowell et al., 2002 Sowell et al., , 2003 Sacher et al., 2008; Fountaine et al., 2010; Vidarsdottir et al., 2010; Albaugh et al., 2011; Kopf et al., 2012; Teff et al., 2013; Hahn et al., 2013; Daurignac et al., 2015) . Of the 11 studies, only one study did not include at least olanzapine as the AAP that was evaluated. Additional antipsychotics evaluated versus placebo included sulpride, amisulpride, risperidone, and aripiprazole. The length of the studies ranged from single dose to 28 days. Nine of eleven studies included placebo as the comparator group. The other 2 studies used haloperidol and ziprasidone as a comparator group. Four studies had multiple treatment groups that were compared to a single placebo group (Sowell et al., 2002; Sowell et al., 2003; Kopf et al., 2012; Teff et al., 2013) . Finally, the two single dose studies did not report on weight before and after AAP administration (only baseline values reported) therefore these two studies were excluded from the weight meta-analysis. Further details of the 11 meta-analyzed studies are found in Table 1 . The Jadad Scale is in Supplementary Table 1.
Effect of atypical antipsychotic treatment on insulin sensitivity and weight in healthy individuals
AAP treatment in healthy individuals resulted in an overall significant reduction in insulin sensitivity (N = 11, SMD = − 0.437, 95% CI: −0.686 to − 0.187, p < 0.001). Fig. 1 shows the Forest Plot of the meta-analysis for insulin sensitivity. Similarly, AAP treatment in healthy individuals also resulted in significant weight gain (N = 9, SMD = 0.591, 95% CI: 0.162 to 1.020, p = 0.007). The Forest Plot of weight gain is depicted in Fig. 2. 
Subgroup analyses
Subgroup analyses were carried out for two conditions: 1) studies showing significant weight gain and 2) length of treatment in each trial defined as single-dose, 13 days or less and 14 days or more. The subgroup analysis based on significant weight gain (Fig. 3) showed that there was a reduction in insulin sensitivity for both studies that did not show significant weight gain (N = 6, SMD = − 0.421, 95% CI: − 0.751 to − 0.092, p = 0.0126) as well as studies that did have significant weight gain (N = 5, SMD = −0.480, 95% CI: −0.914 to −0.045, p = 0.0305). Overall, the effect of subgrouping by weight gain was not statistically significant (p = 0.949). The subgroup analysis based on treatment length (Fig. 4) showed that insulin sensitivity was not reduced in single dose studies (N = 2, SMD = − 0.112, 95% CI: − 0.507 to 0.282, p = 0.576) or in studies 14 days or longer (N = 5, SMD = − 0.268, 95% CI: −0.546 to 0.010, p = 0.0588). Studies that administered the AAP for multiple doses of 13 days or less (trials ranging from 3 to 10 days) had a significant reduction in insulin sensitivity (N = 4, SMD = − 0.893, 95% CI: −1.392 to −0.393, p < 0.001). A chi-square test determined that subgrouping by treatment length had a statistically significant effect on insulin sensitivity (p = 0.044). When subgrouping by length of trial for the weight meta-analysis (Fig. 5) , trials < 13 days had no significant weight change (N = 4, SMD = 0.160, 95% CI: − 0.248 to 0.568, p = 0.443) while trials 14 days and longer had a significant gain in weight (N = 5, SMD = 0.909, 95% CI: 0.298 to 1.520, p = 0.004) which was a statistically significant difference between the groups (p = 0.046).
Sensitivity analysis
We performed a sensitivity analysis by removing trials with a nonplacebo comparator. Studies that included placebo still showed significant reductions in insulin sensitivity (N = 9, SMD = −0.298, 95% CI: −0.511 to − 0.085, p = 0.006) and increases in weight (N = 7, SMD = 0.666, 95% CI: − 0.141 to 1.191, p = 0.013). Of note, the two studies that did use haloperidol and ziprasidone as comparators had significant reductions in insulin sensitivity (N = 2, SMD = −0.925, 95% CI: − 1.810 to −0.040, p < 0.001) but not increases in weight (N = 2, SMD = 0.318, 95% CI: − 0.285 to 0.920, p = 0.302). Another sensitivity analysis was performed by removing the one study that did not utilize dynamic assessments of insulin sensitivity as they can have lower reliability (Daurignac et al., 2015) . The removal of this study did not substantially change the estimated reduction on insulin sensitivity (N = 10, SMD = − 0.442, 95% CI: −0.710 to −0.175, p = 0.001). Finally, we performed an analysis of only olanzapine versus placebo data due to our strategy to combine multiple treatments in some studies. This meta-analysis showed a reduction in insulin sensitivity (N = 8, SMD = − 0.330, 95% CI: − 0.577 to − 0.084, p = 0.008) and increase in weight (N = 6, SMD = 0.759, 95% CI: 0.126 to 1.392, p = 0.018).
Meta-regression
Meta-regressions were performed utilizing the variables of weight gain effect size (calculated from the meta-analysis of weight gain for K.J. Burghardt et al. Progress in Neuropsychopharmacology & Biological Psychiatry 83 (2018) 55-63 each study) and treatment length. Weight gain did not have a significant effect on the variance of insulin sensitivity (p = 0.9377) while treatment length, as reflected in the subgroup analysis above, significantly affected insulin sensitivity (p = 0.0229). Running the metaregression model with both variables entered did not improve the fit or explain additional variance (p = 0.0647). A meta-regression was also conducted to assess if the type of measurement of weight (change in kilograms or BMI) influenced the weight or insulin sensitivity metaanalyses. Meta-regression including this variable did not identify a statistically significant effect on the weight meta-analysis (p = 0.3304) or the insulin sensitivity meta-analysis (p = 0.0680).
Publication bias
The funnel plot ( Supplementary Fig. 2 ) and Egger's test for all studies included in the insulin sensitivity meta-analysis indicated a possibility for publication bias (p = 0.003). A trim and fill analysis trimmed 4 studies and reduced the estimated random effects standardized mean difference from the original − 0.437 (95% CI: − 0.686 to − 0.187) to − 0.224 (95% CI: −0.510 to − 0.0623) (Supplementary Fig. 3 ). Publication bias was not evident for the weight meta-analysis (p = 0.620) although some asymmetry can be detected in the funnel plot ( Supplementary Fig. 4) . A trim and fill analysis of the weight meta-analysis trimmed 1 study and adjusted the random effects standardized mean difference estimated from the original 0.591 (95% CI: 0.162 to 1.020) to 0.669 (95% CI:0.261 to 1.08) ( Supplementary  Fig. 5 ). When publication bias was assessed after subgrouping by treatment length in the insulin sensitivity analyses, publication bias was not significant (all p > 0.06 except single dose studies did not have a high enough N for publication bias analyses). The Cochrane Risk of Bias Tool is found in Supplementary Table 2.
Heterogeneity
Statistically significant heterogeneity was not evident amongst all 11 studies included in the insulin sensitivity analysis (p = 0.114, 
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I 2 = 35.6%). Meta-regression showed that using length of treatment as a moderator explained an additional 29% of the variance in the insulin sensitivity analysis leaving an I 2 of 6.0%. Using weight as a moderator in the meta-regression for insulin sensitivity did not explain any additional variance from the original 35.6%. In contrast, statistically significant heterogeneity was evident in the 9 studies included in the weight meta-analysis (p = 0.003, I 2 = 65.5).
When using length of trial as a moderator for the weight meta-analysis, only an additional 11% of variance was accounted for (I 2 = 54.7%). No other study-level variables could account for the observed heterogeneity.
Discussion
Overall findings
Our meta-analysis of 11 healthy volunteer studies with a total of 304 subjects suggests that treatment with an AAP significantly reduces insulin sensitivity in healthy volunteers which may suggest a direct effect of the drug. An additional meta-analysis in 9 of the 11 studies using multiple dosing also suggests that AAP treatment leads to significant weight gainin healthy volunteers. The overall standardized mean difference was − 0.437 for insulin sensitivity and 0.591 for weight. It has been suggested that a mean difference of around 0.5 SD equates to a medium effect size. Due to the differences in reporting insulin sensitivity (methods of measurement) and weight gain (BMI versus kg change) it is difficult to pool raw values and yield an overall Fig. 1 . Forest plot of insulin sensitivity meta-analysis. Forest plot based on pooled standardized mean differences in insulin sensitivity for each study. Square sizes are proportional to each study's statistical weight in the meta-analysis. Diamond represents overall estimated effect of AAP on insulin sensitivity. Fig. 2 . Forest plot of weight meta-analysis. Forest plot based on pooled standardized mean differences in weight for each study. Square sizes are proportional to each study's statistical weight in the meta-analysis. Diamond represents overall estimated effect of AAP on weight.
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Progress in Neuropsychopharmacology & Biological Psychiatry 83 (2018) [55] [56] [57] [58] [59] [60] [61] [62] [63] mean change in either meta-analysis. The findings here are like those conducted in psychiatric populations treated with AAPs. AAPs have been shown to cause weight gain in first-episode patients previously naive to the AAPs (Tarricone et al., 2010) . These studies identified rapid weight gain in previously AAP-naive patients (mean increase of 1.8 BMI in 4-8 weeks) that was not only sustained but increased with extended treatment (mean increase of 3.87 BMI with 24-48 weeks of treatment) (Tarricone et al., 2010) . Similar studies on the rapid changes in insulin resistance in AAP-naive patients are not available. However, several case reports exist of rapid-onset hyperglycemia, diabetic ketoacidosis and new onset diabetes with AAP treatment in previously AAP-naive patients (Porras-Segovia et al., 2017; Vuk et al., 2017; Lipscombe et al., 2014; Nielsen et al., 2010) . Taken together, the findings from this meta-analysis and the literature suggest that psychiatric populations that are treated with AAPs are at an increased baseline risk and treatment with AAPs cause early and sustained insulin resistance and weight gain. It should be noted that, to our knowledge, there are no studies that attempt to estimate the moderating effect of psychiatric diagnosis on AAP-induced insulin resistance and weight gain which should be pursued in future work. Clinically meaningful reductions in insulin sensitivity are difficult to define as there are no uniform cutoffs for insulin resistance. However, given the statistical significance found within the meta-analysis coupled with the data that demonstrates antipsychotics increase the risk of diabetes 2 to 3-fold, it can be hypothesized that this acute change in insulin sensitivity is clinically meaningful. For weight, an effect size of Fig. 3 . Subgroup analysis of insulin sensitivity by weight gain. Forest plot based on pooled standardized mean differences in insulin sensitivity for each study grouped by significant weight gain (determined from meta-analysis by weight). Square sizes are proportional to each study's statistical weight in the meta-analysis. Diamond represents overall estimated effect of AAP on insulin sensitivity for studies that did not have significant weight gain (labeled as "No"), studies that did have significant weight gain (labeled as "Yes") and all studies combined (labeled as "Overall"). Fig. 4 . Subgroup analysis of insulin sensitivity by treatment length. Forest plot based on pooled standardized mean differences in insulin sensitivity for each study grouped by significant treatment length. Group 1.0 were single-dose studies, Group 2.0 were studies 13 days and less and Group 3.0 were studies 14 days and longer (max 28 days). Square sizes are proportional to each study's statistical weight in the meta-analysis. Diamond represents overall estimated effect of AAP on insulin sensitivity for each subgroup and overall. 0.5 SD is generally considered a moderate effect and longer studies in psychiatric populations suggest that weight gain continues to accumulate. Two studies (Sowell et al., 2002; Sacher et al., 2008) utilized change in weight, measured by body mass index, as the outcome which could influence the outcomes of the weight meta-analysis. Our study pooled these outcomes to estimate the effect of any AAP on weight however, performing a meta-regression including type of weight measurement (i.e., weight in kg versus BMI) did not have a statistically significant effect (p = 0.3304). This meta-analysis only had studies one month or shorter likely due to procedural and ethical limitations of using antipsychotics in healthy volunteers. It may be possible that a longer treatment period (> 4 weeks) could lead to higher effect sizes in healthy volunteers and some AAPs may contribute a larger effect compared to others (Bak et al., 2014; Tek et al., 2016) .
Within this meta-analysis, we aimed to understand if changes in insulin sensitivity 1) occur in healthy volunteers and 2) could be accounted for by changes in weight. These studies may provide preliminary evidence that AAPs cause insulin resistance and weight gain irrespective of psychiatric disease which supports previous work in both clinical and pre-clinical models. However, both our subgroup and metaregression techniques did not conclusively show that weight gain accounts for changes in insulin sensitivity. This should be interpreted with caution due to the limited number of included studies and other possibilities. For example, this does not rule out a correlation between reductions in insulin sensitivity and weight gain. Indeed, a few reports included such findings (Baptista et al., 1997; Sowell et al., 2002; Teff et al., 2013; Daurignac et al., 2015) . Future studies should consider reporting such correlations and consider multiple (e.g., daily) measurements to better understand how the two-metabolic variables cooccur and potentially influence each other.
Treatment length may influence insulin sensitivity and weight
Using sub-group and meta-regression analyses, this meta-analysis identified that statistically significant changes in insulin sensitivity and weight may depend on treatment length in healthy volunteers. Data demonstrated that a single dose of an atypical antipsychotic does not cause a reduction in insulin sensitivity however, this subgroup was limited in the number of studies (N = 2) so this data is inconclusive. Additionally, weight was not reported in single dose studies so we cannot report on a potential effect. Included multi-dose studies ranged from 3 to 28 days and our subgroup analysis observed a significant reduction in insulin sensitivity in studies ranging from 3 to 13 days but not in studies ranging from 14 to 28 days. In contrast, weight did not significantly increase in studies ranging from 3 to 13 days but did increase in studies > 14 days. These results may support the hypothesis that insulin resistance occurs prior to significant weight gain. Future studies are required to assess if significant shifts in adiposity, that may not be detected through weight measurement, occur prior, concurrent or after insulin resistance. Additionally, not all studies recorded dietary and caloric intake or measured energy expenditure which could have important implications on the pathogenesis of antipsychotic-induced insulin resistance and weight gain. We hypothesize that antipsychoticinduced insulin resistance occurs acutely (< 2 weeks) followed by perhaps compensatory mechanisms that lead to compensation or masking of insulin resistance and significant weight gain from 2 to 4 weeks. Work will be needed to confirm this hypothesized sequence of events as the findings from this subgroup analysis should be considered preliminary in nature.
Bias and heterogeneity
Publication bias occurs when studies that yield negative results are less likely to be published. Based on funnel plot, Egger's test and Trim and Fill analysis we identified a potential for publication bias in the insulin sensitivity meta-analysis but not the weight meta-analysis. When the studies were sub-grouped by treatment length, this bias was reduced suggesting that there is some correlation between publication bias and treatment length. Our search strategies were broad and inclusive so we believe that we have identified all relevant work to be included. It is not clear what impact non-full text articles may have on outcomes, nevertheless, we cannot rule out an overestimation of effect size in this meta-analysis due to publication bias (Schmucker et al., 2017) . Therefore, the meta-analysis findings presented here require follow-up upon publication of further studies.
Along with publication bias, another important factor in systematic . Subgroup analysis of weight by treatment length. Forest plot based on pooled standardized mean differences in weight for each study grouped by significant treatment length. Group 2.0 were studies 13 days and less and Group 3.0 were studies 14 days and longer (max 28 days). Single-dose studies were not included because studies did not record weight before and after single dose. Square sizes are proportional to each study's statistical weight in the meta-analysis. Diamond represents overall estimated effect of AAP on weight for each subgroup and overall.
K.J. Burghardt et al. Progress in Neuropsychopharmacology & Biological Psychiatry 83 (2018) [55] [56] [57] [58] [59] [60] [61] [62] [63] reviews and meta-analyses is heterogeneity which is a measure the variation from the true effect size. Within our meta-analysis we identified less heterogeneity for insulin sensitivity while higher heterogeneity was observed for the weight meta-analysis. Heterogeneity is generally due to between study methodological differences such as patient populations, outcomes, treatment type and treatment length (see Table 1 and Supplementary Table 1 ). The included studies did indeed have varying treatment lengths, measurement strategies of insulin sensitivity, follow-up strategies and comparator treatments. Based on our meta-regression analyses we observed that the variable of treatment length accounted for some (29%) of the observed heterogeneity in the insulin sensitivity analysis, reducing I 2 from 35.6% to 6%. It is difficult to know if this reduction is due to treatment length, subgrouping in general or other, unknown factors. Additional studylevel variables did not improve the observed heterogeneity (data not shown) for the insulin sensitivity meta-analysis and no variable improved the heterogeneity observed in the weight gain meta-analysis.
Limitations
A few limitations of the meta-analysis should be noted when interpreting the findings. First, although the search strategy was broad and comprehensive, publication bias was still detected in the insulin sensitivity meta-analysis and the total number of studies included was limited. Nevertheless, the findings here do support the findings from psychiatric populations and pre-clinical models (Henderson et al., 2005; Boyda et al., 2010) . The meta-analysis was limited to interventional studies in healthy volunteers to assess the effect of AAPs independent of psychiatric disease. This may reduce the validity of the findings in populations that are treated with AAPs (e.g., psychiatric illness) however, it strengthens the hypothesis that these side effects are medication driven irrespective of specific disease states. It has also been hypothesized that the psychiatric populations for which AAPs are used may be "metabolically vulnerable" which could lead pronounced effects (e.g., further metabolic dysregulation). Although we identified an association between treatment length, weight gain and insulin resistance, this should be interpreted cautiously as these findings were with studylevel variables. Future work is needed to simultaneously assess both outcomes, their occurrence during treatment and correlation, if any.
The total number of studies, total number of participants and treatment length was limited in the included studies. This limits the power in subgroup analyses, could cause an erroneous non-significant finding and limits generalizability to practice. Excluding single-dose studies from our subgroup analysis of insulin sensitivity based on treatment length did not alter the findings. The statistical difference between studies < 14 days and > 14 days was increased (p = 0.032) when removing single-dose studies versus when they were included in subgrouping (p = 0.044) at described in the results. The limitations in terms of total studies, participants and treatment length could be due to the ethical implications of treating healthy volunteers with antipsychotics and due to the intense nature of the insulin sensitivity measurements (e.g., dynamic testing requires two intravenous lines with glucose/insulin pushes or active infusions) used in 8 of the included studies. Therefore, the suggested findings from this meta-analysis can only be viewed in terms of acute treatment of AAPs and not long-term effects.
The heterogeneity across the studies was higher for the weight analysis and some clear methodological differences can be observed. We could reduce this heterogeneity when accounting for certain studylevel variables such as treatment length however this increased heterogeneity remained for the weight meta-analysis. Our extraction strategy for cross-over studies utilized data reported from both periods of the cross-over (i.e., differences in endpoint between treatment groups). This could lead to bias due to carryover effects or possibly period effects (Li et al., 2015) . Each study utilized endpoint scores from each period to compare treatments. Hahn et al. reported that no sequence effects were detected. Fountaine et al. study included strategies to test and control for possible carryover effects on their primary outcome of food intake. We utilized an approach to compute a combined, weighted effects size for studies utilizing multiple treatments versus a single comparator. This method allowed us to assess the general effect of AAPs, however, it does not assess individual effects of AAPs or compare between AAPs so this is study only assumes a general effect by AAPs. Most of the studies utilized olanzapine which is anecdotally considered the "standard" AAP for causing metabolic side effects. Our sensitivity analysis of only olanzapine versus placebo data suggested a reduction in insulin sensitivity and an increase in weight, like the overall meta-analysis. Nevertheless, some studies have suggested that insulin resistance may be present with AAPs thought to be lower risk (Teff et al., 2013) . Given this finding, research utilizing highly sensitive strategies for measuring insulin sensitivity and weight should be pursued for other AAPs and studies should be designed to compare the effects between AAPs.
Conclusions
Overall, this meta-analysis provides evidence that antipsychoticinduced insulin resistance and weight gain may occur acutely and directly. The findings regarding treatment length effects may have been underpowered therefore they should be considered preliminary and follow-up work is needed. The evidence outlined in this meta-analysis is clinically meaningful because even short trials (e.g., 4 weeks and less) with an antipsychotic could potentially induce metabolic dysregulations that require monitoring and intervention. Future work is needed to better understand the correlations between these side effects, their dependence on treatment length and in understanding their mechanisms.
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